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Abstract
We construct a class of II1 factors M that admit unclassifiably many Cartan subalgebras in the sense that
the equivalence relation of being conjugate by an automorphism of M is complete analytic, in particular
non Borel. We also construct a II1 factor that admits uncountably many non isomorphic group measure
space decompositions, all involving the same group G. So G is a group that admits uncountably many non
stably orbit equivalent actions whose crossed product II1 factors are all isomorphic.
c⃝ 2012 Elsevier Inc. All rights reserved.
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1. Introduction
Free ergodic probability measure preserving (p.m.p.) actions Γ y (X, µ) of countable groups
give rise to II1 factors L∞(X) o Γ by Murray and von Neumann’s group measure space con-
struction. In [34] it was shown that the isomorphism class of L∞(X) o Γ only depends on the
orbit equivalence relation on (X, µ) given by x ∼ y iff x ∈ Γ · y. More precisely, two free
ergodic p.m.p. actions Γ y X and Λ y Y are orbit equivalent iff there exists an isomorphism
of L∞(X)o Γ onto L∞(Y )o Λ sending L∞(X) onto L∞(Y ).
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If Γ y (X, µ) is essentially free and M := L∞(X) o Γ , then A := L∞(X) is a maximal
abelian subalgebra of M that is regular: the group of unitaries u ∈ U(M) that normalize A in the
sense that u Au∗ = A, spans a dense ∗-subalgebra of M . A regular maximal abelian subalgebra
of a II1 factor is called a Cartan subalgebra.
In order to classify classes of group measure space II1 factors M := L∞(X) o Γ in terms
of the group action Γ y (X, µ), one must solve two different problems. First one should
understand whether the Cartan subalgebra L∞(X) ⊂ M is, in some sense, unique. If this is
the case, any other group measure space decomposition M = L∞(Y ) o Λ must come from an
orbit equivalence between Γ y X and Λ y Y . The second problem is then to classify the
corresponding class of orbit equivalence relations R(Γ y X) in terms of the group action.
Both problems are notoriously hard, but a huge progress has been made over the last 10 years
thanks to Sorin Popa’s deformation/rigidity theory (see [27,11,35] for surveys). In particular,
many uniqueness results for Cartan subalgebras and group measure space Cartan subalgebras
have been established recently in [18,19,21,32,10,1,13,36,15,2].
In this paper we concentrate on “negative” solutions to the first problem by exhibiting a class
of II1 factors with many Cartan subalgebras. First recall that two Cartan subalgebras A ⊂ M and
B ⊂ M of a II1 factor are called unitarily conjugate if there exists a unitary u ∈ U(M) such that
B = u Au∗. The Cartan subalgebras are called conjugate by an automorphism if there exists α ∈
AutM such that B = α(A). In [3] it is shown that the hyperfinite II1 factor R has a unique Cartan
subalgebra up to conjugacy by an automorphism of R. By [9, Theorem 7] (see [20, Section 4]
for details) the hyperfinite II1 factor however admits uncountably many Cartan subalgebras that
are not unitarily conjugate. In [4] Connes and Jones constructed the first example of a II1 factor
that admits two Cartan subalgebras that are not conjugate by an automorphism. More explicit
examples of this phenomenon were found in [19, Section 7] and [32, Example 5.8].
In [29, Section 6.1] Popa discovered a free ergodic p.m.p. action Γ y (X, µ) such that
the orbit equivalence relation R(Γ y X) has trivial fundamental group, while the II1 factor
M := L∞(X) o Γ has fundamental group R+. Associated with this is a one parameter family
At of Cartan subalgebras of M that are not conjugate by an automorphism of M . Indeed, put
A := L∞(X) and for every t ∈ (0, 1], choose a projection pt ∈ A of trace t and a ∗-isomorphism
πt : pt Mpt → M . Put At := πt (Apt ). Then At ⊂ M, t ∈ (0, 1], are Cartan subalgebras
that are not conjugate by an automorphism. Note that earlier (see [23, Corollary of Theorem
3] and [22, Corollary 4.7.2]) Popa found free ergodic p.m.p. actions Γ y (X, µ) such that
the equivalence relation R(Γ y X) has countable fundamental group, while the II1 factor
L∞(X)o Γ has fundamental group R+. By the same construction, there are uncountably many
t such that the Cartan subalgebras At are not conjugate by an automorphism. In all these cases,
although the Cartan subalgebras At ⊂ M are not conjugate by an automorphism of M , they
are by construction conjugate by a stable automorphism of M . More precisely, we say that two
Cartan subalgebras A ⊂ M and B ⊂ M are conjugate by a stable automorphism of M if there
exist non zero projections p ∈ A, q ∈ B and a ∗-isomorphism α : pMp → q Mq satisfying
α(Ap) = Bq .
In this paper we provide the first class of II1 factors M that admit uncountably many Cartan
subalgebras that are not conjugate by a stable automorphism of M . Actually we obtain II1
factors M such that the equivalence relation “being conjugate by an automorphism” on the set
of Cartan subalgebras of M is complete analytic, in particular non Borel. In this precise sense
the decision problem whether two Cartan subalgebras of these II1 factors M are conjugate by an
automorphism, is as hard as it can possibly get (see Remark 14). Using Popa’s conjugacy criterion
for Cartan subalgebras [24, Theorem A.1], we show that for any II1 factor with separable predual,
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the set of Cartan subalgebras is a standard Borel space and the equivalence relation “being
unitarily conjugate” is always Borel. We provide examples of II1 factors where this equivalence
relation is not concretely classifiable.
The “many” Cartan subalgebras in the II1 factors M in the previous paragraph are not of group
measure space type. In the final section of the paper we give the first example of a II1 factor that
admits uncountably many Cartan subalgebras that are not conjugate by a (stable) automorphism
and that all arise from a group measure space construction. They actually all arise as the crossed
product with a single group G. This means that we construct a group G that admits uncountably
many free ergodic p.m.p. actions G y (X i , µi ) that are non stably orbit equivalent, such that
the II1 factors L∞(X i ) o G are all isomorphic. This group G should be opposed to the classes
of groups considered in [32,10,1,13,36] for which isomorphism of the group measure space II1
factors always implies orbit equivalence of the group actions.
Terminology
A Cartan subalgebra A of a II1 factor M is a maximal abelian von Neumann subalgebra
whose normalizer
NM (A) := {u ∈ U(M) | u Au∗ = A}
generates M as a von Neumann algebra. As mentioned above, we say that two Cartan subalgebras
A ⊂ M and B ⊂ M are unitarily conjugate if there exists a unitary u ∈ U(M) such that
u Au∗ = B. We say that they are conjugate by an automorphism of M if there exists α ∈ AutM
such that α(A) = B. Finally A and B are said to be conjugate by a stable automorphism of
M if there exist non zero projections p ∈ A, q ∈ B and a ∗-isomorphism α : pMp → q Mq
satisfying α(Ap) = Bq .
By [9] every II1 equivalence relation R on (X, µ) gives rise to a II1 factor LR that contains
L∞(X) as a Cartan subalgebra. Conversely, if L∞(X) = A ⊂ M is an arbitrary Cartan
subalgebra of a II1 factor M , we get a natural II1 equivalence relation R on (X, µ) and a
measurable 2-cocycle on R with values in T such that A ⊂ M is canonically isomorphic with
L∞(X) ⊂ LΩR.
IfRi are II1 equivalence relations on the standard probability spaces (X i , µi ), we say thatR1
andR2 are orbit equivalent if there exists a measure space isomorphism∆ : X1 → X2 such that
(x, y) ∈ R1 iff (∆(x),∆(y)) ∈ R2 almost everywhere. More generally, R1 and R2 are called
stably orbit equivalent if there exist non negligible measurable subsets Ui ⊂ X i such that the
restricted equivalence relations Ri |Ui are orbit equivalent.
Throughout this paper compact groups are supposed to be second countable. Two subgroups
K1, K2 < K of the same group K are called commensurate if K1 ∩ K2 has finite index in both
K1 and K2.
Statement of the main results
Let Γ be a countable group and K a compact abelian group with countable dense subgroup
Λ < K . Consider the II1 factor
M := L∞(KΓ )o (Γ × Λ)
where Γ y KΓ is the Bernoulli action given by (g · x)h = xhg and Λ y KΓ acts by diagonal
translation: (λ · x)h = λxh .
Whenever K1 < K is a closed subgroup such that Λ1 := Λ ∩ K1 is dense in K1, denote
C(K1) := L∞(KΓ /K1)o Λ1 = L∞(KΓ /K1) ⊗ LΛ1.
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Note that C(K1) is an abelian von Neumann subalgebra of M . In Lemma 6 we prove that
C(K1) ⊂ M is always a Cartan subalgebra. As we will see there, the density of Λ ∩ K1 in
K1 is equivalent with C(K1) being maximal abelian in M .
The following is our main result, providing criteria for when the Cartan subalgebras C(K1) are
unitarily conjugate, conjugate by a (stable) automorphism or inducing (stably) orbit equivalent
relations. As we shall see later, concrete choices of Λ ⊂ K then lead to examples of II1 factors
where the equivalence relation of “being conjugate by an automorphism” is complete analytic
and where the equivalence relation of “being unitarily conjugate” is not concretely classifiable.
Theorem 1. Let Γ be an icc property (T) group with [Γ ,Γ ] = Γ . Let K be a compact abelian
group with countable dense subgroup Λ. As above, write M = L∞(KΓ )o (Γ ×Λ). Take closed
subgroups Ki < K , i = 1, 2, such that Λ ∩ Ki is dense in Ki .
1. The following statements are equivalent.
• The Cartan subalgebras C(K1) and C(K2) are unitarily conjugate.
• The subgroups K1, K2 < K are commensurate.
• ΛK1 = ΛK2.
2. The following statements are equivalent.
• The Cartan subalgebras C(K1) and C(K2) are conjugate by an automorphism of M.
• The Cartan subalgebras C(K1) and C(K2) are stably conjugate by an automorphism.
• There exists a continuous automorphism δ ∈ AutK such that δ(Λ) = Λ and δ(ΛK1) =
ΛK2.
3. The following statements are equivalent.
• The II1 equivalence relations associated with C(K1) and C(K2) are orbit equivalent.
• The II1 equivalence relations associated with C(K1) and C(K2) are stably orbit equivalent.
• There exists a continuous automorphism δ ∈ AutK such that δ(ΛK1) = ΛK2.
In Section 4 we shall see that for any II1 factor M with separable predual, the set Cartan(M)
of its Cartan subalgebras is a standard Borel space and that moreover the equivalence relation
of “being unitarily conjugate” is Borel, while the equivalence relation of “being conjugate by an
automorphism” is analytic (see Proposition 12). As the following examples show, the first can be
non concretely classifiable, while the second can be complete analytic, hence non Borel.
Whenever Λ ⊂ K is a compact group with countable dense subgroup, we call K1 ⊂ K an
admissible subgroup if K1 is closed and K1 ∩ Λ is dense in K1.
Theorem 2. Let Γ be any icc property (T) group with [Γ ,Γ ] = Γ , e.g. Γ = SL(3,Z).
• Whenever P is a set of distinct prime numbers, denote K := p∈P Z/pZ and consider the
dense subgroup Λ := p∈P Z/pZ. For every subset P1 ⊂ P , the subgroup of K given
by K (P1) := p∈P1 Z/pZ is admissible and gives rise to a Cartan subalgebra C(P1) of
M := L∞(KΓ )o(Γ×Λ). Two such Cartan subalgebras C(P1) and C(P2) or their associated
equivalence relations are conjugate in any of the possible senses if and only if the symmetric
difference P11P2 is finite.
In particular the equivalence relations on Cartan(M) given by “being unitarily conjugate” or
“being conjugate by a (stable) automorphism” are not concretely classifiable.
• Denote by Λ := Q(∞) the countably infinite direct sum of copies of the additive group Q.
Then Λ admits a second countable compactification K such that for the associated II1 factor
M := L∞(KΓ )o (Γ ×Λ) the equivalence relation of “being conjugate by an automorphism
of M” is a complete analytic equivalence relation on Cartan(M).
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In Theorem 1 the second set of statements is, at least formally, stronger than the third set of
statements. Example 3 shows that this difference really occurs. So in certain cases the Cartan
subalgebras C(K1) and C(K2) give rise to isomorphic equivalence relations, but are nevertheless
non conjugate by an automorphism of M . The reason for this is the following: the Cartan
inclusions C(Ki ) ⊂ M come with 2-cocycles Ωi ; although the associated equivalence relations
are isomorphic, this isomorphism does not map Ω1 onto Ω2.
We finally observe that if K1 < K is an infinite subgroup, the Cartan subalgebra C(K1) ⊂ M
is never of group measure space type. The induced equivalence relation is generated by a free
action of a countable group (see Lemma 6), but the 2-cocycle is non trivial (see Remark 7).
Example 3. Choose elements α, β, γ ∈ T that are rationally independent (i.e. generate a copy
of Z3 ⊂ T). Consider K = T3 and define the countable dense subgroup Λ < K generated by
(α, 1, α), (1, α, β) and (1, 1, γ ). Put K1 := T× {1} × T and K2 := {1} × T× T. Then, Λ ∩ K1
is generated by (α, 1, α), (1, 1, γ ) and hence dense in K1. Similarly Λ ∩ K2 is dense in K2.
We have ΛK1 = T × αZ × T and ΛK2 = αZ × T × T. Hence the automorphism
δ(x, y, z) = (y, x, z) of T3 maps ΛK1 onto ΛK2. It is however easy to check that there exists no
automorphism δ of K such that δ(ΛK1) = ΛK2 and δ(Λ) = Λ.
So, by Theorem 1, the Cartan subalgebras C(K1) and C(K2) of M give rise to orbit equivalent
relations, but are not conjugate by a (stable) automorphism of M .
In the final section of the paper we give an example of a group G that admits uncountably
many non stably orbit equivalent actions that all give rise to the same II1 factor. The precise
statement goes as follows and will be an immediate consequence of the more concrete, but
involved, Proposition 15.
Theorem 4. There exists a group G that admits uncountably many free ergodic p.m.p. actions
G y (X i , µi ) that are non stably orbit equivalent but with all the II1 factors L∞(X i )oG being
isomorphic with the same II1 factor M. So this II1 factor M admits uncountably many group
measure space Cartan subalgebras that are non conjugate by a (stable) automorphism of M.
2. Proof of the main Theorem 1
We first prove the following elementary lemma that establishes the essential freeness of certain
actions on compact groups.
Lemma 5. Let Y be a compact group and Λ < Y a countable subgroup. Assume that a countable
group Γ acts on Y by continuous group automorphisms (αg)g∈Γ preserving Λ. Assume that for
g ≠ e the subgroup {y ∈ Y | αg(y) = y} has infinite index in Y . Equip Y with its Haar measure.
Then the action of the semidirect product ΛoΓ on Y given by (λ, g)·y = λαg(y) is essentially
free.
Proof. Take (λ, g) ≠ e and consider the set of y with (λ, g) · y = y. If this set is non empty,
it is a coset of {y ∈ Y | αg(y) = y}. If g ≠ e, the latter is a closed subgroup of Y with infinite
index and hence has measure zero. So we may assume that g = e and λ ≠ e, which is the trivial
case. 
Take a countable group Γ and a compact abelian group K with dense countable subgroup
Λ < K . Put X := KΓ and consider the action Γ × Λy X given by ((g, s) · x)h = sxhg for all
g, h ∈ Γ , s ∈ Λ, x ∈ X . Write M = L∞(X)o (Γ × Λ).
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Assume that K1 < K is a closed subgroup. We view L∞(X/K1) as the subalgebra of
K1-invariant functions in L∞(X). We put Λ1 := Λ ∩ K1 and define C(K1) as the von Neumann
subalgebra of M generated by L∞(X/K1) and L(Λ1). So,
C(K1) = L∞(X/K1)o Λ1 ⊂ M.
Note that we can identify C(K1) = L∞(X/K1) ⊗ LΛ1 = L∞(X/K1 ×Λ1).
Lemma 6. With the above notations, C(K1)′ ∩ M = C(Λ1). So C(K1) ⊂ M is maximal abelian
iff Λ ∩ K1 is dense in K1.
In that case, C(K1) is a Cartan subalgebra of M and the induced equivalence relation on
X/K1 ×Λ1 is given by the orbits of the product action of (Γ ×ΛK1/K1)×K1 on X/K1 ×Λ1.
For arbitrary closed subgroups K1 < K , the intersection Λ∩ K1 need not be dense in K1. But
putting K2 = Λ ∩ K1, we always have that Λ ∩ K2 is dense in K2.
Proof. By writing the Fourier decomposition of an element in M = L∞(X) o (Γ × Λ), one
easily checks that
(LΛ1)′ ∩ M = L∞(X/Λ1)o (Γ × Λ). (1)
View X = KΓ as a compact group and view K1 as a closed subgroup of X sitting in X
diagonally. Put Y = X/K1 and view Λ/Λ1 as a subgroup of Y sitting in Y diagonally. By
Lemma 5 the action Γ × Λ/Λ1 y Y is essentially free. From this we conclude that
L∞(X/K1)′ ∩ M = L∞(X)o Λ1.
In combination with (1) we get that C(K1)′∩M = C(Λ1). This proves the first part of the lemma.
Assume now that Λ ∩ K1 is dense in K1. We know that C(K1) ⊂ M is maximal abelian. For
every ω ∈ K we define the unitary Uω ∈ L∞(X) given by Uω(x) = ω(xe). One checks that
C(K1) is normalized by all unitaries in C(K1), {Uω | ω ∈ K }, {ug | g ∈ Γ } and {us | s ∈ Λ}.
These unitaries generate M so that C(K1) is indeed a Cartan subalgebra of M .
It remains to analyze which automorphisms of C(K1) = L∞(X/K1 ×Λ1) are induced by the
above normalizing unitaries. The automorphism AdUω only acts on Λ1 by first restricting ω to a
character on Λ1 and then translating by this character on Λ1. The automorphism Adug, g ∈ Γ ,
only acts on X/K1 by the quotient of the Bernoulli shift. Finally the automorphism Adus, s ∈ Λ,
also acts only on X/K1 by first projecting s onto Λ/Λ1 = ΛK1/K1 and then diagonally
translating with this element. The resulting orbit equivalence relation indeed corresponds to the
direct product of R(Γ × ΛK1/K1 y X/K1) and R(K1 yΛ1). 
Remark 7. Lemma 6 says that the equivalence relation induced by C(K1) ⊂ M is the direct
product of the orbit relation R((Γ × ΛK1/K1) y X/K1) and the hyperfinite II1 equivalence
relation. Nevertheless, if Γ is an icc property (T) group, the II1 factor M is not McDuff,
i.e. cannot be written as a tensor product of some II1 factor with the hyperfinite II1 factor.
Indeed, by property (T), all central sequences in M lie asymptotically in the relative commutant
(LΓ )′ ∩ M = LΛ. Since LΛ is abelian, it follows that M is not McDuff. So whenever Γ is
an icc property (T) group, it follows that the 2-cocycle associated with the Cartan subalgebra
C(K1) ⊂ M is non trivial.
To prove Theorem 1, we first have to classify the orbit equivalence relations of the product
actions (Γ × ΛK1/K1) × K1 on X/K1 ×Λ1, when K1 runs through closed subgroups of K
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with Λ ∩ K1 dense in K1. These orbit equivalence relations are the direct product of the orbit
equivalence relation of (Γ × ΛK1/K1) y X/K1 and the unique hyperfinite II1 equivalence
relation. In [31, Theorem 4.1], the actions (Γ × ΛK1/K1)y X/K1 were classified up to stable
orbit equivalence. In Lemma 9, we redo the proof in the context of a direct product with a
hyperfinite equivalence relation. The main difficulty is to make sure that the orbit equivalence
“does not mix up too much” the first and second factors in the direct product. The orbit
equivalence will however not simply split as a direct product of orbit equivalences. The main
reason for this is that the II1 factor N := L∞(X/K1) o (Γ × ΛK1/K1) has property Gamma.
Therefore we cannot apply [28, Theorem 5.1], which says the following: if N is a II1 factor
without property Gamma and R is the hyperfinite II1 factor, then every automorphism of N ⊗ R
essentially splits as a tensor product of two automorphisms.
To state and prove Lemma 9, we use the following point of view on stable orbit equivalences.
Assume that Gi y Zi , i = 1, 2, are free ergodic p.m.p. actions of countable groups Gi . By
definition, a stable orbit equivalence between G1 y Z1 and G2 y Z2 is a measure space
isomorphism ∆ : U1 → U2 between non negligible subsets Ui ⊂ Zi satisfying
∆(G1 · x ∩ U1) = G2 ·∆(x) ∩ U2
for a.e. x ∈ U1. By ergodicity of G1 y Z1, we can choose a measurable map ∆0 : Z1 → U1
satisfying ∆0(x) ∈ G1 · x for a.e. x ∈ Z1. Denote Ψ := ∆ ◦ ∆0. By construction Ψ is a local
isomorphism from Z1 to Z2, meaning that Ψ : Z1 → Z2 is a Borel map such that Z1 can be
partitioned into a sequence of non negligible subsets W ⊂ Z1 such that the restriction of Ψ to
any of these subsets W is a measure space isomorphism of W onto some non negligible subset
of Z2. Also by construction Ψ is orbit preserving, meaning that for a.e. x, y ∈ Z1 we have that
x ∈ G1 · y iff Ψ(x) ∈ G2 ·Ψ(y).
Using the inverse∆−1 : U2 → U1 we analogously find an orbit preserving local isomorphism
Ψ : Z2 → Z1. By construction Ψ(Ψ(x)) ∈ G1 · x for a.e. x ∈ Z1 and Ψ(Ψ(y)) ∈ G2 · y for
a.e. y ∈ Z2. We call Ψ a generalized inverse of Ψ .
A measurable map Ψ : Z1 → Z2 between standard measure spaces is called a factor map iff
Ψ−1(V) has measure zero whenever V ⊂ Z2 has measure zero. If Gi y Zi , i = 1, 2, are free
ergodic p.m.p. actions of the countable groups Gi and if Ψ : Z1 → Z2,Ψ : Z2 → Z1 are factor
maps satisfying
Ψ(G1 · x) ⊂ G2 ·Ψ(x) and Ψ(Ψ(x)) ∈ G1 · x for a.e. x ∈ Z1,
Ψ(G2 · y) ⊂ G1 ·Ψ(y) and Ψ(Ψ(y)) ∈ G2 · y for a.e. y ∈ Z2,
then Ψ and Ψ are local isomorphisms, stable orbit equivalences and each other’s generalized
inverse.
If Ψ ,Ψ ′ : Z1 → Z2 are factor maps that send a.e. orbits into orbits, we say that Ψ and Ψ ′
are similar if Ψ ′(x) ∈ G2 ·Ψ(x) for a.e. x ∈ Z1.
If Γ y (X, µ) and Λy (Y, η) are p.m.p. actions of second countable locally compact groups
and if δ : Γ → Λ is an isomorphism, we call ∆ : X → Y a δ-conjugacy if ∆ is a measure space
isomorphism satisfying ∆(g · x) = δ(g) ·∆(x) a.e.
We start off by the following well known and elementary lemma. For the convenience of the
reader, we give a proof.
Lemma 8. Let Gi y Zi be free ergodic p.m.p. actions of countable groups. Let Ψ : Z1 → Z2
be a stable orbit equivalence.
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• If Λ < G1 is a subgroup and Ψ(g · x) = Ψ(x) for all g ∈ Λ and a.e. x ∈ Z1, then Λ is a
finite group.
• If δ : G1 → G2 is an isomorphism of G1 onto G2 and Ψ(g · x) = δ(g) · Ψ(x) for all g ∈ G1
and a.e. x ∈ Z1, then Ψ is a measure space isomorphism.
Proof. To prove the first point, take a non negligible subset U ⊂ Z1 such that Ψ|U is a measure
space isomorphism of U onto V ⊂ Z2. Since G1 y Z1 is essentially free, it follows that g ·U ∩U
is negligible for all g ∈ Λ− {e}. Hence the sets (g · U)g∈Λ are essentially disjoint. Since Z1 has
finite measure and U is non negligible, it follows that Λ is finite.
We now prove the second point. Since Ψ is a local isomorphism, the image Ψ(Z1) is a
measurable, δ(G1)-invariant, non negligible subset of Z2. Since δ(G1) = G2 and G2 y Z2
is ergodic, it follows that Ψ is essentially surjective. Assume that Ψ is not a measure space
isomorphism. Since Ψ is a local isomorphism, we find non negligible disjoint subsets U1,U2 ⊂
Z1 such thatΨ|Ui , i = 1, 2, are measure space isomorphisms onto the same subset V ⊂ Z2. Since
Ψ is a stable orbit equivalence, (Ψ|U2)−1(Ψ(x)) ∈ G1 · x for a.e. x ∈ U1. Making U1,U2 smaller,
we may assume that there exists a g ∈ G1 such that (Ψ|U2)−1(Ψ(x)) = g ·x for a.e. x ∈ U1. Since
U1 and U2 are disjoint, it follows that g ≠ e. But it also follows that δ(g) · Ψ(x) = Ψ(x) for
a.e. x ∈ U1. Since G2 y Z2 is essentially free, we arrive at the contradiction that δ(g) = e. 
Lemma 9. Let Γ be an icc property (T) group with [Γ ,Γ ] = Γ . As above take a compact
abelian group K with dense countable subgroup Λ < K . Put X := KΓ .
Let Ki < K , i = 1, 2, be closed subgroups. Denote Gi := Γ × ΛKi with its natural action
on X given by
Gi y KΓ : ((g, k) · x)h = k xhg for all g, h ∈ Γ , k ∈ ΛKi , x ∈ KΓ .
Let Hi y Yi be free ergodic p.m.p. actions of the countable abelian groups Hi . Assume that
∆ : X/K1 × Y1 → X/K2 × Y2
is a stable orbit equivalence between the product actions Gi/Ki × Hi y X/Ki ×Yi . Then there
exists
• a compact subgroup K ′1 < ΛK1 that is commensurate with K1, with corresponding canonical
stable orbit equivalence ∆1 : X/K ′1 → X/K1 between the actions G1/K ′1 y X/K ′1 and
G1/K1 y X/K1;
• an automorphism δ1 ∈ AutΓ and an isomorphism δ2 : ΛK1/K ′1 → ΛK2/K2;
• a stable orbit equivalence Ψ : Y1 → Y2 between the actions Hi y Yi ;
• a measurable family (Θy)y∈Y1 of (δ1×δ2)-conjugacies between the actions G1/K ′1 y X/K ′1
and G2/K2 y X/K2;
• a δ1-conjugacy Θ1 of Γ y X/K ;
such that the stable orbit equivalence∆◦(∆1×id) is similar with the stable orbit equivalence
Θ : X/K ′1 × Y1 → X/K2 × Y2 : (x, y) → (Θy(x),Ψ(y))
and such that Θy(x K ′1)K = Θ1(x K ) a.e.
Note that we turn Gi into a locally compact group by requiring that Ki < Gi is a compact
open subgroup.
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Proof. Denote
Θ : X × Y1 → X/K2 × Y2 : Θ(x, y) = ∆(x K1, y).
Associated with the orbit map Θ are two measurable families of cocycles:
ωy : G1 × X → G2/K2 × H2 determined by Θ(g · x, y) = ωy(g, x) ·Θ(x, y),
µx : H1 × Y1 → G2/K2 × H2 determined by Θ(x, h · y) = µx (h, y) ·Θ(x, y).
By a combination of Popa’s cocycle superrigidity theorem for Γ y KΓ (see [26, Theorem 0.1])
and the elementary [33, Lemma 5.5], we can replace Θ by a similar factor map and find
measurable families of continuous group homomorphisms
δy : G1 → G2/K2 and ηy : G1 → H2
such that
ωy(g, x) = (δy(g), ηy(g)) and Θ(g · x, y) = (δy(g), ηy(g)) ·Θ(x, y) a.e.
Since [Γ ,Γ ] = Γ and H2 is abelian, it follows that ηy(g) = e for all g ∈ Γ and a.e. y ∈ Y1.
Writing Θ(x, y) = (Θ1(x, y),Θ2(x, y)), it follows that Θ2(g · x, y) = Θ2(x, y) for all g ∈ Γ
and a.e. (x, y) ∈ X × Y1. By ergodicity of Γ y X , it follows that Θ2(x, y) = Ψ(y) for some
factor map Ψ : Y1 → Y2. But then
ηy(g) ·Ψ(y) = ηy(g) ·Θ2(x, y) = Θ2(g · x, y) = Ψ(y)
for all g ∈ G1 and a.e. (x, y) ∈ X × Y1. It follows that ηy(g) = e for all g ∈ G1 and a.e. y ∈ Y1.
Denote µx (h, y) = (µx1(h, y), µx2(h, y)). Because
µx2(h, y) ·Ψ(y) = µx2(h, y) ·Θ2(x, y) = Θ2(x, h · y) = Ψ(h · y)
for all h ∈ H1 and a.e. (x, y) ∈ X × Y1, it follows that µx2(h, y) is essentially independent of the
x-variable. So we write µ2(h, y) instead of µx2(h, y).
Next we observe that Θ1(g · x, h · y) can be computed in two ways, leading to the equality
δh·y(g) µx1(h, y) ·Θ1(x, y) = µg·x1 (h, y) δy(g) ·Θ1(x, y) a.e.
So, µg·x1 (h, y) = δh·y(g) µx1(h, y) δy(g)−1 for all g ∈ G1, h ∈ H1 and a.e. (x, y) ∈ X × Y1.
It follows that for all h ∈ H1 and a.e. y ∈ Y1, the non negligible set {(x, x ′) ∈ X × X |
µx1(h, y) = µx
′
1 (h, y)} is invariant under the diagonal action of Γ on X × X . Since Γ y X is
weakly mixing, we conclude that µx1(h, y) is essentially independent of the x-variable. We write
µ1(h, y) instead of µx1(h, y). The above formula becomes
δh·y(g) = µ1(h, y) δy(g) µ1(h, y)−1. (2)
It follows that the map y → Kerδy is H1-invariant and hence, by ergodicity of H1 y Y1, there
is a unique closed subgroup K ′1 < G1 such that Kerδy = K ′1 for a.e. y ∈ Y1. Since G2/K2 is a
countable group, we know that its compact subgroup δy(K1)must be finite. Hence, K ′1∩K1 < K1
has finite index. We claim that also K ′1 ∩ K1 < K ′1 has finite index.
To prove this claim, first observe that the formula Θ(g · x, y) = δy(g) · Θ(x, y) implies that
we can viewΘ as a map from X/K ′1×Y1 to X/K2×Y2. In particularΘ can be viewed as a map
from X/(K1 ∩ K ′1) × Y1 to X/K2 × Y2. Since X/(K1 ∩ K ′1) is a finite covering of X/K1 and
since the original ∆ was a local isomorphism, also
Θ : X/(K1 ∩ K ′1)× Y1 → X/K2 × Y2
A. Speelman, S. Vaes / Advances in Mathematics 231 (2012) 2224–2251 2233
is a local isomorphism and hence a stable orbit equivalence. Since moreover Θ(g · x, y) =
Θ(x, y) for all g ∈ K ′1/(K1 ∩ K ′1), it follows from Lemma 8 that K ′1/(K1 ∩ K ′1) is a finite
group. This proves the claim, meaning that K ′1 and K1 are commensurate subgroups of G1. In
particular, K ′1 is compact. Denoting by pΓ : G1 → Γ the projection homomorphism onto the
first factor, we get that pΓ (K ′1) is a finite normal subgroup of Γ . Since Γ is icc, it follows that
pΓ (K ′1) = {e} and thus K ′1 < ΛK1.
By construction the map
Θ : X/K ′1 × Y1 → X/K2 × Y2
is a stable orbit equivalence with the following properties:
• Θ is similar with ∆ ◦ (∆1 × id);
• Θ is of the form Θ(x, y) = (Θy(x),Ψ(y));
• Θ satisfies Θy(g · x) = δy(g) · Θy(x) a.e. where δy : G1/K ′1 → G2/K2 is a measurable
family of injective group homomorphisms.
It remains to prove that the δy are group isomorphisms that do not depend on y, Ψ is a stable
orbit equivalence and a.e. Θy is a measure space isomorphism of X/K ′1 onto X/K2.
Applying the same reasoning to the inverse of the stable orbit equivalence ∆ ◦ (∆1 × id),
we find a closed subgroup K ′2 < ΛK2 that is commensurate with K2, a measurable family of
injective group homomorphisms δy : G2/K ′2 → G1/K ′1 and a map
Θ : X/K ′2 × Y2 → X/K ′1 × Y1
of the form Θ(x, y) = (Θ y(x),Ψ(y)) satisfying the following two properties:
Θ y(g · x) = δy(g) ·Θ y(x) and
Θ(Θ(x K ′2, y)) ∈ (G2/K2 × H2) · (x K2, y) a.e. (3)
The second of these formulas yields a measurable map ϕ : X × Y2 → G2/K2 such that
ΘΨ (y)(Θ y(x K
′
2)) = ϕ(x, y) · x K2 a.e.
Computing ΘΨ (y)(Θ y(gK
′
2 · x K ′2)) it follows that
δΨ (y)(δy(gK
′
2)) ϕ(x, y) = ϕ(g · x, y) gK2 for all g ∈ G2 and a.e. (x, y) ∈ X × Y2.
So, for almost every y ∈ Y2, the non negligible set {(x, x ′) ∈ X × X | ϕ(x, y) = ϕ(x ′, y)} is
invariant under the diagonal action of Γ on X × X . Since Γ y X is weakly mixing, it follows
that ϕ(x, y) is essentially independent of the x-variable. We write ϕ(y) instead of ϕ(x, y) and
find that
(δΨ (y) ◦ δy)(gK ′2) = ϕ(y) gK2 ϕ(y)−1.
It follows that K ′2 = K2 and that δΨ (y) ◦ δy is an inner automorphism of G2/K2. It follows in
particular that δΨ (y) is surjective, so that δy is an isomorphism of G1/K
′
1 onto G2/K2 for all y
in a non negligible subset of Y1. Because of (2) and the ergodicity of H1 y Y1, it follows that δy
is an isomorphism for a.e. y ∈ Y1.
It also follows from (3) thatΨ(Ψ(y)) ∈ H2 · y for a.e. y ∈ Y2 and similarly withΨ ◦Ψ . Hence
Ψ and Ψ are local isomorphisms and hence a stable orbit equivalence between H1 y Y1 and
H2 y Y2. Since Θ(x, y) = (Θy(x),Ψ(y)) and since Θ is a local isomorphism, it then follows
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that a.e. Θy is a local isomorphism. But Θy is also a δy-conjugation w.r.t. the isomorphism δy .
Lemma 8 implies that Θy is a measure space isomorphism for a.e. y ∈ Y1.
We know that [Γ ,Γ ] = Γ , Γ has trivial center and the groups ΛKi/K ′i are abelian. So it
follows that δy is the direct product of an automorphism δ1y of Γ and an isomorphism δ
2
y of
ΛK1/K ′1 onto ΛK2/K2. Formula (2) and the fact that ΛK2/K2 is the center of G2/K2 imply
that δ2h·y = δ2y a.e. By ergodicity of H1 y Y1, it follows that δ2y is essentially independent of y.
We write δ2 instead of δ2y . Next denote by µΓ (h, y) the projection of µ1(h, y) ∈ Γ × ΛK2/K2
onto Γ . Formula (2) says that
δ1h·y = AdµΓ (h, y) ◦ δ1y .
Since Γ has property (T), Γ is finitely generated and AutΓ is a countable group. In particular,
OutΓ = AutΓ/InnΓ is a countable group. Then the map y → (δ1y mod InnΓ ) is an H1-invariant
measurable map from Y1 to OutΓ and hence is essentially constant. So we find a measurable
map ϕ : Y1 → Γ and an automorphism δ1 ∈ AutΓ such that δ1y = Adϕ(y) ◦ δ1 a.e. Replacing
Θy(x) by ϕ(y)−1 ·Θy(x) we may assume that δy is a.e. equal to δ1 × δ2. After this replacement,
also µΓ (h, y) = e a.e. meaning that µ1(h, y) ∈ ΛK2/K2.
Since Θy is a δ2-conjugacy and ΛK1,ΛK2 are dense subgroups of K , then Θy induce
δ1-conjugacies ρy of the action Γ y X/K given by ρy(x K ) = Θy(x K ′1)K . Since µ1(h, y) ∈
ΛK2/K2, it follows that ρh·y(x) = ρy(x) a.e. Hence ρy is a.e. equal to a single δ1-conjugacy Θ1
of the action Γ y X/K . 
Lemma 10. Let K be a compact abelian group with countable dense subgroup Λ. Let K1, K2 <
K be closed subgroups and denote Λi := Λ ∩ Ki .
1. If K2 ⊂ ΛK1 and if ΛK1/K2 is countable, then K1 and K2 are commensurate.
2. Assume that K1 and K2 are commensurate and that K2 ⊂ ΛK1. If Λ1 is dense in K1, also
Λ2 is dense in K2.
3. Assume that Λi is dense in Ki for i = 1, 2. Then the following statements are equivalent.
(a) Λ1 and Λ2 are commensurate.
(b) K1 and K2 are commensurate.
(c) ΛK1 = ΛK2.
Proof. 1. Since ΛK1/K2 is countable, the image of K1 in K/K2 is a countable compact group,
hence a finite group. This means that K1 ∩ K2 < K1 has finite index. Since K2 ⊂ ΛK1, also the
image of K2 in K/K1 is countable, hence finite. This means that K1 ∩ K2 < K2 has finite index.
So, K1 and K2 are commensurate.
2. Assume that K1 and K2 are commensurate, K2 ⊂ ΛK1 and Λ1 is dense in K1. Since
K1 ∩ K2 < K1 has finite index, K1 ∩ K2 is an open subgroup of K1. Because Λ1 is dense in K1,
we get thatΛ1∩(K1∩K2) is dense in K1∩K2. So,Λ1∩Λ2 is dense in K1∩K2. Also the image of
Λ1 in K1/(K1∩ K2) is dense. But K1/(K1∩ K2) is finite and it follows that K1 = Λ1(K1∩ K2).
Hence also ΛK1 = Λ(K1∩K2). Since by assumption K2 ⊂ ΛK1, we get that K2 ⊂ Λ(K1∩K2),
i.e. K2 = Λ2(K1 ∩ K2). We already saw that Λ1 ∩Λ2 is dense in K1 ∩ K2 and it follows that Λ2
is dense in K2.
3. (a) ⇒ (b). The image of Λi in Ki/(K1 ∩ K2) is dense, but also finite because Λ1 ∩ Λ2
has finite index in Λi . So, Ki/(K1 ∩ K2) is finite for i = 1, 2, meaning that K1 and K2 are
commensurate.
(b) ⇒ (c). Since Λi is dense in Ki and K1 ∩ K2 < Ki has finite index, we get as in the proof
of 2 that Ki = Λi (K1∩K2). Hence, ΛKi = Λ(K1∩K2) for i = 1, 2. In particular, ΛK1 = ΛK2.
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(c) ⇒ (b). We have K2 ⊂ ΛK1 and we have that ΛK1/K2 = ΛK2/K2 is countable. So,
statement 1 implies that K1 and K2 are commensurate.
(b) ⇒ (a). Since Ki/(K1 ∩ K2) is finite, also the image of Λi in Ki/(K1 ∩ K2) is finite,
meaning that Λi/(Λ1 ∩ Λ2) is a finite group. So, Λ1 and Λ2 are commensurate. 
Proof of Theorem 1
Proof. Proof of The Equivalence of the Statements in 1. Put Λi = Λ ∩ Ki . Using Lemma 10,
it suffices to prove that C(K1) and C(K2) are unitarily conjugate if and only if Λ1 and Λ2 are
commensurate. First assume that Λ1 and Λ2 are commensurate. By Lemma 10, also K1 and K2
are commensurate. So, Ki < K1 K2 has finite index. It follows that L∞(KΓ /K1 K2) ⊗ L(Λ1 ∩
Λ2) is a subalgebra of finite index in both C(K1) and C(K2). By [24, Theorem A.1], the Cartan
subalgebras C(K1) and C(K2) are unitarily conjugate.
Conversely, assume thatΛ1 andΛ2 are not commensurate. Assume for instance thatΛ1∩Λ2 <
Λ1 has infinite index. We find a sequence λn ∈ Λ1 such that for every finite subset F ⊂ Λ
the element λn lies outside FΛ2 eventually. Denote by un := uλn the unitaries in C(K1) that
correspond to the group elements λn . Denoting by EC(K2) the trace preserving conditional
expectation, one deduces that
∥EC(K2)(aunb)∥2 → 0 for all a, b ∈ M.
So, by [24, Theorem A.1], the Cartan subalgebras C(K1) and C(K2) are not unitarily conjugate.
Proof of the equivalence of the statements in 3. Denote X = KΓ . Assume first that there
exists a continuous automorphism δ ∈ AutK satisfying δ(ΛK1) = ΛK2. Then K ′1 := δ−1(K2)
is a closed subgroup of K with the properties that K ′1 ⊂ ΛK1 and that ΛK1/K ′1 is countable. By
Lemma 10.1, we get that K ′1 and K1 are commensurate. Then Lemma 10.2 implies that Λ ∩ K ′1
is dense in K ′1. By the equivalence of the statements in 1, we know that the Cartan subalgebrasC(K ′1) and C(K1) are unitarily conjugate. In particular, they give rise to isomorphic equivalence
relations. So we may replace K1 by K ′1 and assume that δ(K1) = K2. By “applying everywhere”
δ, the actions (Γ×ΛKi/Ki )y X/Ki are conjugate, hence orbit equivalent. Also their respective
direct products with the hyperfinite equivalence relation are orbit equivalent. By Lemma 6, the
equivalence relations induced by C(Ki ), i = 1, 2, are orbit equivalent.
Conversely, assume that the equivalence relations induced by C(Ki ), i = 1, 2, are stably
orbit equivalent. Put Gi := Γ × ΛKi . We combine Lemmas 6 and 9, and we replace K1 by
a commensurate group that is contained in ΛK1. By Lemma 10.2, the intersection Λ ∩ K1
remains dense in K1. We have found a measure space isomorphism ∆ : X/K1 → X/K2,
an automorphism δ1 ∈ AutΓ and an isomorphism δ2 : ΛK1/K1 → ΛK2/K2 such that ∆
is a (δ1 × δ2)-conjugacy. In particular, ∆ is a δ1-conjugacy of the Γ -action. By [31, Lemma
5.2] there exists an isomorphism α : K1 → K2 and a (δ1 × α)-conjugacy ∆ : X → X
satisfying ∆(x)K2 = ∆(x K1) for a.e. x ∈ X . Since ∆ is a δ2-conjugacy, it follows that
∆(g · x) ∈ ΛK2 · ∆(x) for all g ∈ ΛK1 and a.e. x ∈ X . We find a measurable map
ω : ΛK1 × X → ΛK2 such that ∆(g · x) = ω(g, x) · ∆(x) a.e. Since ∆ is a δ1-conjugacy,
it follows that ω(g, γ · x) = ω(g, x) for all γ ∈ Γ , g ∈ ΛK1 and a.e. x ∈ X . By ergodicity
of Γ y X , the map ω(g, x) is essentially independent of the x-variable. So we can extend α
to a homomorphism α : ΛK1 → ΛK2. By symmetry (i.e. considering ∆−1) it follows that α
is an isomorphism of ΛK1 onto ΛK2. Viewing K as a closed subgroup of the group Aut(X)
of measure preserving automorphisms of X (up to equality almost everywhere), it follows that
1ΛK1∆
−1 = ΛK2. Taking closures we also have 1K∆−1 = K . This means that α can be
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extended to a continuous automorphism of K . This concludes the proof of the equivalence of the
statements in 3.
Proof of the equivalence of the statements in 2. Denote X = KΓ . If δ ∈ AutK is a continuous
automorphism satisfying δ(Λ) = Λ and δ(ΛK1) = ΛK2, we may replace as above K1 by the
commensurate δ−1(K2) and assume that δ(K1) = K2. Then also δ(Λ1) = Λ2. So, “applying
everywhere” δ yields an automorphism α ∈ AutM satisfying α(C(K1)) = C(K2).
Conversely, assume that C(K1) and C(K2) are stably conjugate by an automorphism.
Interchanging the roles of K1 and K2 if necessary, we find a projection p ∈ C(K2) and an
isomorphism α : M → pMp satisfying α(C(K1)) = C(K2)p. This α induces a stable orbit
equivalence between the equivalence relations associated with C(K1) and C(K2) respectively. If
one of the Ki is finite, the equivalence of the statements in 3 implies that the other one is finite
as well and that Λ = ΛK1 = ΛK2. So we can exclude this trivial case.
We claim that there exist automorphisms δ1 ∈ AutΓ , δ ∈ AutK and a (δ1 × δ)-conjugacy
∆ ∈ Aut(X) of the action Γ × K y X such that δ(K1) = K2 and such that after a unitary
conjugacy of α and p, we have
p ∈ LΛ2 and α(F) = (F ◦∆−1) p for all F ∈ L∞(X/K ).
To prove this claim, denote Yi = Λi and Hi = Ki . Also denote Gi = Γ × ΛKi . Lemma 6
describes the equivalence relations associated with C(Ki ). The isomorphism α : M → pMp
therefore induces a stable orbit equivalence Π : X/K1 × Y1 → X/K2 × Y2 between the
product actions Gi/Ki × Hi y X/Ki × Yi . We apply Lemma 9 to Π . We find in particular
a compact subgroup K ′1 < ΛK1 that is commensurate with K1. Denote Λ′1 := Λ∩K ′1, H ′1 := K ′1
and Y ′1 := Λ′1. By Lemma 10.2, Λ′1 is dense in K ′1. By the equivalence of the statements
in 1, we know that the Cartan subalgebras C(K ′1) and C(K1) are unitarily conjugate. The
corresponding orbit equivalence between the product actions G1/K ′1 × H ′1 y X/K ′1 × Y ′1 and
G1/K1 × H1 y X/K1 × Y1 is similar with ∆1 ×∆2 where ∆1,∆2 are the natural stable orbit
equivalences (whose compression constants are each other’s inverse). So replacing C(K1) by
C(K ′1) amounts to replacing Π by Π ◦ (∆1×∆2). Lemma 9 says that Π ◦ (∆1× id) is similar to
a stable orbit equivalence of a very special form. Then Π ◦ (∆1 ×∆2) is still of this very special
form. So after replacing C(K1) by C(K ′1) we find that Π is similar to a stable orbit equivalence
Θ : X/K1 × Y1 → X/K2 × Y2 satisfying the following properties.
• Θ is of the form Θ(x, y) = (Θy(x),Ψ(y)) where Ψ : Y1 → Y2 is a stable orbit equivalence
between the actions Hi y Yi and where (Θy)y∈Y1 is a measurable family of measure
preserving conjugacies between G1/K1 y X/K1 and G2/K2 y X/K2.
• There exist automorphisms δ1 ∈ AutΓ , δ ∈ AutK and a (δ1×δ)-conjugacy∆ ∈ Aut(X) such
that δ(K1) = K2 and Θy(x)K = ∆(x K ) for a.e. (x, y) ∈ X/K1 × Y1.
To deduce the precise form of ∆ in the last item, we proceed as in the proof above of the
equivalence of the statements in 3. The compression constant of Ψ is equal to the compression
constant of Π and hence is equal to τ(p). So replacing Ψ by a similar stable orbit equivalence,
we may assume that Ψ is a measure space isomorphism (scaling the measure by the factor τ(p))
of Y1 onto a measurable subset U ⊂ Y2 of measure τ(p). Keeping Θy(x) unchanged, the map Θ
then becomes a measure space isomorphism of X/K1×Y1 onto X/K2×U . Define the projection
p ∈ LΛ2 = L∞(Y2) by p = χU . Since Π and Θ are similar stable orbit equivalences and Θ
is moreover a measure space isomorphism, we can unitarily conjugate α so that α|C(K1) = Θ∗.
This proves the claim above.
It remains to prove that δ(Λ) = Λ.
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Since every automorphism δ1 ∈ AutΓ defines a natural automorphism of M that globally
preserves all the Cartan subalgebras C(K1), we may assume that δ1 = id. For g ∈ Γ × Λ, we
denote by ug ∈ M = L∞(X) o (Γ × Λ) the canonical unitaries. Since the relative commutant
of L∞(X/K ) inside M equals L∞(X)o Λ, it follows that
α(ug) = ωgug p for all g ∈ Γ , where ωg ∈ U(p(L∞(X)o Λ)p).
Denote by (σg)g∈Γ the action of Γ on L∞(X)oΛ, implemented by Adug and corresponding to
the Bernoulli action on L∞(X) and the trivial action on LΛ. Since p is invariant under (σg)g∈Γ
we can restrict σg to p(L∞(X)o Λ)p. Note that
ωgh = ωg σg(ωh) for all g, h ∈ Γ .
Denote N∞ := B(ℓ2(N)) ⊗ N whenever N is a von Neumann algebra. By Theorem 11
there exists a projection q ∈ (LΛ)∞ with (Tr ⊗ τ)(q) = τ(p), a partial isometry v ∈
B(C, ℓ2(N)) ⊗ (L∞(X)o Λ) and a group homomorphism γ : Γ → U(q(LΛ)∞q) satisfying
v∗v = p, vv∗ = q and ωg = v∗ γg σg(v) for all g ∈ Γ .
We replace α by Adv ◦α. Then α : M → q M∞q. Note that L∞(X/K ) commutes with v so that
α(F) = (F ◦∆−1)q for all F ∈ L∞(X/K ) and α(ug) = γgug = ugγg
for all g ∈ Γ .
Denote ∆∗ ∈ Aut(L∞(X)) given by ∆∗(F) = F ◦ ∆−1 and note that ∆∗(L∞(X/K )) =
L∞(X/K ). Also α(F) = ∆∗(F)q whenever F ∈ L∞(X/K ).
Recall that X = KΓ . Whenever ω ∈ K , denote by Uω ∈ U(L∞(X)) the unitary given by
Uω(x) = ω(xe). Fix ω ∈ K and g ∈ Γ . Observe that Uω ugU∗ωu∗g belongs to L∞(X/K ). Hence,
since ∆ is an id-conjugacy for Γ y X , we have
α(Uω ugU
∗
ωu
∗
g) = ∆∗(Uω σg(U∗ω))q = ∆∗(Uω) σg(∆∗(U∗ω)) q
= ∆∗(Uω) ug ∆∗(Uω)∗ u∗g q.
On the other hand
α(Uω ugU
∗
ωu
∗
g) = α(Uω) ug γg α(Uω)∗ γ ∗g u∗g.
Combining both formulas we conclude that
u∗g ∆∗(Uω)∗ α(Uω) ug = ∆∗(Uω)∗ γg α(Uω) γ ∗g for all ω ∈ K , g ∈ Γ . (4)
We claim that for all ω ∈ K ,∆∗(Uω)∗ α(Uω) ∈ (LΛ)∞. To prove this claim, fix ω ∈ K and
put a := ∆∗(Uω)∗ α(Uω). Define for every finite subset F ⊂ Γ , the von Neumann subalgebra
NF ⊂ (L∞(X)o Λ)∞ given by
NF := (L∞(KF )o Λ)∞.
Denote by EF the trace preserving conditional expectation of (L∞(X)oΛ)∞ onto NF . Note that
(LΛ)∞ ⊂ NF for all F ⊂ Γ . Choose ε > 0 and denote by ∥ · ∥2 the 2-norm on (L∞(X)oΛ)∞
given by the semi-finite trace Tr ⊗ τ . Since α(Uω) commutes with L∞(X/K )q , it follows that
α(Uω) ∈ q(L∞(X)o Λ)∞q . So we can take a large enough finite subset F ⊂ Γ such that
∥α(Uω)− EF (α(Uω))∥2 < ε and ∥q∆∗(Uω)− EF (q∆∗(Uω))∥2 < ε.
It follows that for all g ∈ Γ , the element ∆∗(Uω)∗ γg α(Uω) γ ∗g lies at distance at most 2ε from
NF . By (4), the element a then lies at distance at most 2ε from NFg−1 . Since a also lies at
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distance at most 2ε from NF , we conclude that a lies at distance at most 4ε from NF∩Fg−1 for
all g ∈ Γ . We can choose g such that F ∩Fg−1 = ∅ and conclude that a lies at distance at most
4ε from (LΛ)∞. Since ε > 0 is arbitrary, the claim follows.
Put Vω := ∆∗(Uω)∗ α(Uω) and qω := VωV ∗ω . Denote by z ∈ LΛ the central support of q in
(LΛ)∞. Define
q1 =

ω∈K VωV
∗
ω .
Since Vω ∈ (LΛ)∞ and V ∗ωVω = q , it follows that q1 ∈ (LΛ)∞ and q1 ≤ z. Since
VωV
∗
ω = ∆∗(Uω)∗ q∆∗(Uω)
it also follows that q1 commutes with all the unitaries ∆∗(Uω), ω ∈ K . Being an element of
(LΛ)∞, the projection q1 certainly commutes with L∞(X/K ) = ∆∗(L∞(X/K )). Hence, q1
commutes with the whole of ∆∗(L∞(X)) = L∞(X). So, q1 ∈ B(ℓ2(N)) ⊗ 1. Since q1 ≤ z, it
follows that z = 1. Because (Tr ⊗ τ)(q) = τ(p) ≤ 1, we must have p = 1 and find an element
w ∈ B(ℓ2(N),C) ⊗ LΛ satisfying ww∗ = 1 and w∗w = q. Replacing α by Adw ◦ α, we have
found that α is an automorphism of M satisfying
α(F) = ∆∗(F) for all F ∈ L∞(X/K ), α(Uω) = ∆∗(Uω) Vω for all ω ∈ K , and
α(ug) = γgug for all g ∈ Γ .
Here Vω ∈ LΛ are unitaries and g → γg is a homomorphism from Γ into the abelian
group U(LΛ). Since [Γ ,Γ ] = Γ , we actually have that γg = 1 for all g ∈ Γ . In particular
α(LΓ ) = LΓ . Taking the relative commutant, it follows that α(LΛ) = LΛ.
Since (AdUω)(us) = ω(s) us for all s ∈ Λ, ω ∈ K , we also have that (Adα(Uω))(α(us)) =
ω(s) α(us) for all s ∈ Λ, ω ∈ K . Since α(Uω) = ∆∗(Uω) Vω and Vω belongs to the abelian
algebra LΛ, we conclude that (Ad∆∗(Uω))(α(us)) = ω(s) α(us) for all s ∈ Λ, ω ∈ K .
On the other hand, since ∆ is a δ-conjugation for the action K y X , we also have that
(Ad∆∗(Uω))(uk) = ω(δ−1(k)) uk for all k ∈ Λ and ω ∈ K . Writing the Fourier decomposition
α(us) =

k∈Λ
λsk uk with λ
s
k ∈ C,
we conclude that
ω(s) λsk = ω(δ−1(k)) λsk for all s, k ∈ Λ, ω ∈ K .
So, for every s ∈ Λ there is precisely one k ∈ Λ with λsk ≠ 0 and this element k ∈ Λ moreover
satisfies ω(s) = ω(δ−1(k)) for all ω ∈ K . So, k = δ(s). In particular δ(s) ∈ Λ for all s ∈ Λ.
So, δ(Λ) ⊂ Λ. Since we can make a similar reasoning on α−1(us), s ∈ Λ, it follows that
δ(Λ) = Λ. 
3. A non commutative cocycle superrigidity theorem
We prove the following twisted version of Popa’s cocycle superrigidity theorem [26, Theorem
0.1] for Bernoulli actions of property (T) groups.
Theorem 11. Let K be a compact group with countable subgroup Λ < K . Let Γ be a property
(T) group. Put X = KΓ and denote by Λ y X the action by diagonal translation. Put
N = L∞(X) o Λ. Denote by (σg)g∈Γ the action of Γ on N such that σg is the Bernoulli
shift on L∞(X) and the identity on LΛ. Let p ∈ LΛ be a non zero projection.
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• Assume that q ∈ B(ℓ2(N)) ⊗ LΛ is a projection, γ : Γ → U(q(B(ℓ2(N)) ⊗ LΛ)q) is a
group homomorphism and v ∈ B(C, ℓ2(N)) ⊗ N is a partial isometry satisfying v∗v = p
and vv∗ = q. Then the formula
ωg := v∗ γg σg(v)
defines a 1-cocycle for the action (σg)g∈Γ on pN p, i.e. a family of unitaries satisfying
ωgh = ωg σg(ωh) for all g, h ∈ Γ ;
• conversely, every 1-cocycle for the action (σg)g∈Γ on pN p is of the above form with γ being
uniquely determined up to unitary conjugacy in B(ℓ2(N)) ⊗ LΛ.
Note that if Λ is icc, we can take q = p, i.e. every 1-cocycle for the action (σg)g∈Γ on pN p
is cohomologous with a homomorphism from Γ to U(pL(Λ)p). If Λ is not icc, this is no longer
true since q and e11⊗ p need not be equivalent projections in B(ℓ2(N)) ⊗ LΛ, although they are
equivalent in B(ℓ2(N)) ⊗ N .
Proof. It is clear that the formulas in the theorem define 1-cocycles. Conversely, let p ∈ LΛ be a
projection and assume that the unitaries ωg ∈ pN p define a 1-cocycle for the action (σg)g∈Γ of
Γ on pN p. Consider the diagonal translation action Λy X×K and putN := L∞(X×K )oΛ.
We embed N ⊂ N by identifying the element Fuλ ∈ N with the element (F ⊗ 1)uλ ∈ N
whenever F ∈ L∞(X), λ ∈ Λ. Also (σg)g∈Γ extends naturally to a group of automorphisms of
N with σg(1 ⊗ F) = 1 ⊗ F for all F ∈ L∞(K ). Define P = L∞(K ) o Λ and view P as a
subalgebra ofN by identifying the element Fuλ ∈ P with the element (1⊗F)uλ ∈ N whenever
F ∈ L∞(K ), λ ∈ Λ. Note that we obtained a commuting square
N ⊂ N
∪ ∪
LΛ ⊂ P.
Define ∆ : X × K → X × K : ∆(x, k) = (k · x, k) and denote by ∆∗ the corresponding
automorphism of L∞(X × K ) given by ∆∗(F) = F ◦∆−1. One checks easily that the formula
Ψ : L∞(X) ⊗ P → N : Ψ(F ⊗ Guλ) = ∆∗(F ⊗ G)uλ
for all F ∈ L∞(X),G ∈ L∞(K ), λ ∈ Λ
defines a ∗-isomorphism satisfying Ψ ◦ (σg ⊗ id) = σg ◦Ψ for all g ∈ Γ . Put µg := Ψ−1(ωg).
It follows that (µg)g∈Γ is a 1-cocycle for the action Γ y X with values in the Polish group
U(pPp). By Popa’s cocycle superrigidity theorem [26, Theorem 0.1] and directly applying Ψ
again, we find a unitary w ∈ U(pN p) and a group homomorphism ρ : Γ → U(pPp) such that
ωg = w∗ ρg σg(w) for all g ∈ Γ .
Consider the basic construction for the inclusion N ⊂ N denoted by N1 := ⟨N , eN ⟩. Put
T := weNw∗. Since σg(w) = ρ∗g wωg , it follows that σg(T ) = ρ∗g T ρg . Also note that
T ∈ L2(N1), T = pT and Tr(T ) = τ(p).
Since we are dealing with a commuting square, we can identify the basic construction
P1 := ⟨P, eLΛ⟩ for the inclusion LΛ ⊂ P with the von Neumann subalgebra ofN1 generated by
P and eN . In this way, one checks that there is a unique unitary
W : L2(N1)→ L2(X)⊗ L2(P1) satisfying W (ab) = a ⊗ b
for all a ∈ L∞(X), b ∈ L2(P1).
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The unitary W satisfies W (ρg σg(ξ) ρ∗g) = (σg ⊗ Adρg)(W (ξ)) for all g ∈ Γ , ξ ∈ L2(N1). The
projection T ∈ L2(N1) satisfies T = ρg σg(T ) ρ∗g . Since the unitary representation (σg)g∈Γ on
L2(X)⊖C1 is a multiple of the regular representation, it follows that W (T ) ∈ 1⊗ L2(P1). This
means that T ∈ P1 and ρg T = T ρg for all g ∈ Γ .
So we can view T as the orthogonal projection of L2(P) onto a right LΛ submodule of
dimension τ(p) that is globally invariant under left multiplication by ρg, g ∈ Γ . Since pT = T ,
the image of T is contained in pL2(P). Take projections qn ∈ LΛ with n τ(qn) = τ(p) and a
right LΛ-linear isometry
Θ :

n∈N
qnL2(LΛ)→ L2(P)
onto the image of T . Denote by wn ∈ L2(P) the image under Θ of qn sitting in position n. Note
that
wn = pwn, ELΛ(w∗nwm) = δn,mqn and T =

n∈N
wneLΛw
∗
n
where in the last formula we view T as an element of P1. Identifying P1 as above with the von
Neumann subalgebra of N1 generated by P and eN , it follows that
T =

n∈N
wneNw
∗
n .
Since T = weNw∗, we get that eN = n w∗wneNw∗nw. We conclude that w∗wn ∈ L2(N ) for
all n. So w∗nwm ∈ L1(N ) for all n,m. Since also w∗nwm ∈ L1(P), we have w∗nwm ∈ L1(LΛ).
But then,
δn,mqn = ELΛ(w∗nwm) = w∗nwm .
So, the elementswn are partial isometries in P with mutually orthogonal left supports lying under
p and with right supports equal to qn . Since

n τ(qn) = τ(p), we conclude that the formula
W :=

n
e1,n ⊗ wn
defines an element W ∈ B(ℓ2(N),C) ⊗ P satisfying W W ∗ = p,W ∗W = q where
q ∈ (LΛ)∞ = B(ℓ2(N)) ⊗ LΛ is the projection given by q := n enn ⊗ qn . We also have
that v := W ∗w belongs to B(C1, ℓ2(N)) ⊗ N and satisfies v∗v = p, vv∗ = q.
Finally, let γ : Γ → U(q(LΛ)∞q) be the unique group homomorphism satisfying
Θ(γgξ) = ρgΘ(ξ) for all g ∈ Γ , ξ ∈

n
qnL2(LΛ).
By construction Wγg = ρgW for all g ∈ Γ . Since ωg = w∗ ρg σg(w) and since W is invariant
under (σg)g∈Γ , we conclude that ωg = v∗ γg σg(v).
We finally prove that γ is unique up to unitary conjugacy. So assume that we also have
q1, v1 and ϕ : Γ → U(q1(LΛ)∞q1) satisfying ωg = v∗1 ϕg σg(v1). It follows that the element
v1v
∗ ∈ q1 N∞q satisfies σg(v1v∗) = ϕ∗g v1v∗ γg for all g ∈ Γ . As above this forces v1v∗ to
belong to q1(LΛ)∞q, providing the required unitary conjugacy between γ and ϕ. 
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4. The classification of Cartan subalgebras up to automorphisms can be complete analytic;
proof of Theorem 2
Let M be a II1 factor with separable predual. By [7, Theorem 3 and its corollaries] the set of
von Neumann subalgebras A ⊂ M carries the standard Effros–Borel structure. In this II1 setting
it can be described as the smallest σ -algebra such that for all x, y ∈ M the map
A → τ(E A(x)y) (5)
is measurable. Here τ denotes the unique tracial state on M and E A is the unique trace preserving
conditional expectation of M onto A.
Proposition 12. Let M be a II1 factor with separable predual. Equip the set of its von Neumann
subalgebras with the Effros–Borel structure, as explained above.
• The set Cartan(M) of Cartan subalgebras of M is a Borel set and as such a standard Borel
space.
• The equivalence relation of “being unitarily conjugate” is a Borel equivalence relation on
Cartan(M).
• The equivalence relation of “being conjugate by an automorphism of M” is an analytic
equivalence relation on Cartan(M).
Proof. Denote by vNalg(M) the standard Borel space of von Neumann subalgebras of M . By
[7, Theorem 3 and its corollaries] the map A → A′ ∩ M is a Borel map on vNalg(M). Hence the
set
masa(M) = {A ∈ vNalg(M) | A′ ∩ M = A}
of maximal abelian subalgebras of M is a Borel subset of vNalg(M).
Consider the Polish group U(M) of unitaries in M equipped with the ∥ · ∥2 distance. Denote
by subgr(U(M)) the set of closed subgroups of U(M) equipped with the Effros–Borel structure.
This Borel structure can be described as the smallest σ -algebra such that for all u ∈ U(M) the
map
subgr(U(M))→ R : G → d(u,G)
is measurable. Here and in what follows, d(u,G) denotes the ∥ · ∥2 distance of u to G. We claim
that the map
masa(M)→ subgr(U(M)) : A → NM (A) := {u ∈ U(M) | u Au∗ = A}
is Borel. So we have to prove that for all u ∈ U(M), the map A → d(u,NM (A)) is Borel.
But [30, Theorem 6.2 and Lemma 6.3] provides us with the following inequalities for every
maximal abelian subalgebra A ⊂ M and all u ∈ U(M).
1
4
∥E A − Eu Au∗∥∞,2 ≤ d(u,NM (A)) ≤ 90∥E A − Eu Au∗∥∞,2.
So in order to prove that A → NM (A) is Borel, it suffices to prove that for all u ∈ U(M), the
map A → ∥E A − Eu Au∗∥∞,2 is Borel. Choosing sequences (xn) and (yn) in M such that (xn) is
dense in the unit ball of M while (yn) is dense in the unit ball of L2(M), we have that
∥E A − Eu Au∗∥∞,2 = sup
n,m
|τ(E A(xn)ym)− τ(E A(u∗xnu)ym)|.
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Since the maps in (5) are Borel, also A → ∥E A− Eu Au∗∥∞,2 is Borel. This proves the claim that
A → NM (A) is a Borel map from masa(M) to subgr(U(M)).
Repeating the proof of [7, Theorem 3] the map subgr(U(M)) → vNalg(M) : G → G′′ is
Borel. Together with the previous paragraph it follows that the map masa(M) → vNalg(M) :
A → NM (A)′′ is Borel. In particular,
Cartan(M) = {A ∈ masa(M) | NM (A)′′ = M}
is a Borel subset of masa(M).
Consider the equivalence relation of “being unitarily conjugate” on the standard Borel space
Cartan(M). Let (un)n∈N be a ∥ · ∥2 dense sequence in U(M). We claim that A, B ∈ Cartan(M)
are unitarily conjugate if and only if
inf
n
∥Eun Au∗n − EB∥∞,2 <
1
2
. (6)
Once this claim is proven, we observe as above that for every n ∈ N the map (A, B) →
∥Eun Au∗n−EB∥∞,2 is Borel. It then follows that the unitarily conjugate Cartan subalgebras (A, B)
form a Borel subset of Cartan(M)× Cartan(M).
It remains to prove the claim. If A and B are unitarily conjugate, i.e. u Au∗ = B, it suffices
to take n such that ∥u − un∥2 is small enough and (6) follows. Conversely, if (6) holds, take
n such that ∥Eun Au∗n − EB∥∞,2 < 1/2. In particular, for every v ∈ U(un Au∗n) we have that∥EB(v)∥2 > 1/2. Popa’s conjugacy criterion [24, Theorem A.1] implies that un Au∗n and B are
unitarily conjugate. Hence also A and B are unitarily conjugate.
Finally, repeating the proof of [8, Lemma 2.1] the map Aut(M)×Cartan(M)→ Cartan(M) :
(α, A) → α(A) is seen to be Borel. Since the equivalence relation of “being conjugate by an
automorphism of M” is precisely the orbit equivalence relation of this Borel action, it is an
analytic equivalence relation. 
In [6] it was shown that the isomorphism relation for torsion free abelian groups is complete
analytic. This is done through the construction of a Borel reduction from the complete analytic
problem of checking whether a tree has an infinite path. In this context a tree is a set of finite
sequences of natural numbers which is closed under taking initial segments. An infinite path
in a tree T is an infinite sequence of natural numbers x1x2 · · · such that x1 · · · xn ∈ T for
every n ∈ N. A construction by Hjorth [12] associates to every tree T a subgroup G(T ) of
the countably infinite direct sum Λ := Q(∞) such that the isomorphism class of the torsion
free abelian group G(T ) remembers whether or not T admits an infinite path. We recall this
construction in the following lemma and provide a second countable compactification Λ ⊂ K
such that G(T ) ∩ Λ = G(T ) for every tree T .
Recall that Q/Z =p∈P Z(p∞) where P denotes the set of prime numbers and Z(p∞) =
Z[p−1]/Z. Denote by ρp the corresponding homomorphism ρp : Q → Z(p∞) uniquely
characterized by ρp(p−k) = p−k + Z and ρp(q−k) = 0 for all primes q ≠ p and all k ∈ N.
Denote by N<N the set of finite sequences of natural numbers. For every σ = (x1 · · · xn)
denote by |σ | = n the length of the sequence. Observe that the empty sequence () belongs to
N<N and that it is the unique element of length 0. Recall that a tree T is a subset T ⊂ N<N that
is closed under taking initial segments: if n ≥ 1 and (x1 · · · xn) ∈ T , then (x1 · · · xk) ∈ T for all
k ≤ n. Whenever σ ∈ N<N with |σ | ≥ 1 we denote by σ− the sequence obtained by removing
the last element of σ . Whenever σ ∈ N<N and b ∈ N we denote by σb the sequence obtained by
appending b at the end of σ .
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Lemma 13. Choose for every prime number p a second countable compactification L p of
Z(p∞). Choose a second countable compactification KQ of Q such that the homomorphisms
ρp : Q→ L p extend continuously to KQ for all p ∈ P .
Consider the countable group Λ given as the direct sum Λ := Q(N<N). For every σ ∈ N<N
define the homomorphisms
πσ : Λ→ Q : x → xσ and γσ : Λ→ Q : x → xσ +

b∈N
xσb.
Define K as the smallest compactification of Λ such that the homomorphisms πσ : Λ → KQ
and γσ : Λ→ KQ extend continuously to K for all σ ∈ N<N.
For every σ ∈ N<N we denote by δσ the obvious basis element of Λ = Q(N<N). Let
p0 < p1 < · · · be an enumeration of the prime numbers. Following [12] we define for every
tree T the subgroup G(T ) of Λ generated by
p−k2|σ | δσ | σ ∈ T, k ∈ N
 ∪  p−k2|σ |−1 (δσ − δσ−) | σ ∈ T, |σ | > 0, k ∈ N .
Denote by G(T ) the closure of G(T ) inside K .
For every tree T we have G(T ) ∩ Λ = G(T ).
Proof. The definition of G(T ) and the continuity of the homomorphisms ρp, πσ and γσ imply
the following properties.
1. For all σ ∈ N<N with σ ∉ T and for all g ∈ G(T ), we have πσ (g) = 0.
2. For all σ ∈ T , all prime numbers p ∉ {p2|σ |−1, p2|σ |, p2|σ |+1} and all g ∈ G(T ), we have
ρp(πσ (g)) = 0.
3. For all σ ∈ T and all g ∈ G(T ), we have ρp2|σ |+1(γσ (g)) = 0.
For all g ∈ Λ we consider the finite set Sg = {(p, σ ) ∈ P × N<N | ρp(πσ (g)) ≠ 0}. Note
that Sg = ∅ if and only if πσ (g) ∈ Z for every σ ∈ N<N.
Assume that g ∈ G(T ) ∩ Λ with g ∉ G(T ). It follows that Sg ≠ ∅. Indeed, otherwise we get
that πσ (g) ∈ Z for all σ ∈ N<N. By property 1 above, we know that πσ (g) = 0 for all σ ∉ T .
Hence g belongs to the group generated by {δσ | σ ∈ T }. In particular, g ∈ G(T ).
Assume that G(T )∩Λ is strictly larger than G(T ). Take g ∈ (G(T )∩Λ) \G(T ) minimizing
|Sg|. By the previous paragraph Sg ≠ ∅. So we can choose (p, σ ) ∈ Sg maximizing |σ |. By
property 1 above we have σ ∈ T . Property 2 implies that p ∈ {p2|σ |−1, p2|σ |, p2|σ |+1}. We prove
that each of these three possibilities leads to a contradiction.
First assume that |σ | > 0 and p = p2|σ |−1. By property 3 above we have ρp(γσ−(g)) = 0.
Using property 1 it follows that
ρp(gσ−)+

b∈N,σ−b∈T
ρp(gσ−b) = 0.
So we can take h in the group generated by {p−k (δσ−b − δσ−) | b ∈ N, σ−b ∈ T, k ∈ N} such
that ρp(hσ−) = ρp(gσ−) and ρp(hσ−b) = ρp(gσ−b) for all b ∈ N. Note that h ∈ G(T ) and
hence g − h ∈ (G(T ) ∩ Λ) \ G(T ). By construction
Sg−h = Sg \
 {(p, σ−)} ∪ {(p, σ−b) | b ∈ N} .
So |Sg−h | < |Sg| contradicting the minimality of |Sg|.
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Next assume that p = p2|σ |. Choose h in the group generated by {p−k δσ | k ∈ N} such
that ρp(hσ ) = ρp(gσ ). Note that h ∈ G(T ) and hence g − h ∈ (G(T ) ∩ Λ) \ G(T ). Again
|Sg−h | < |Sg| contradicting the minimality of |Sg|.
Finally assume that p = p2|σ |+1. By property 3 above we have that ρp(γσ (g)) = 0. Hence
ρp(πσ (g))+

b∈N
ρp(πσb(g)) = 0.
As ρp(πσ (g)) ≠ 0, it follows that there exists a b ∈ N such that ρp(πσb(g)) ≠ 0. This contradicts
the maximality of |σ |.
In all three cases we obtained a contradiction. This ends the proof of the lemma. 
We are now ready to prove Theorem 2.
Proof of Theorem 2. The first part of Theorem 2 follows immediately from Theorem 1 and the
following observations.
• The subgroups K (P1) and K (P2) are commensurate if and only if the symmetric difference
P11P2 is finite.
• Considering the order of the elements in K , it follows that every automorphism δ ∈ Aut(K )
globally preserves each direct summand Z/pZ. In particular δ(Λ) = Λ and δ(ΛK (P1)) =
ΛK (P1) for every subset P1 ⊂ P .
It remains to prove the second part of Theorem 2. Put Λ = Q(N<N) and denote by K the
compactification of Λ given by Lemma 13. Consider the II1 factor M := L∞(KΓ ) o (Γ × Λ).
For every tree T ⊂ N<N denote by G(T ) ⊂ Λ the subgroup defined in Lemma 13. Denote by
C(T ) := C(G(T )) the associated Cartan subalgebra.
We denote the set of trees by Trees. Viewing Trees as a subset of the power set of N<N, it is a
standard Borel space. It is straightforward though tedious to check that the map
Trees → Cartan(M) : T → C(T )
is Borel.
A classical result (see e.g. [17, Theorem 27.1]) says that the subset of Trees consisting of the
trees that admit an infinite path, is complete analytic. In combination with [6, Lemma 3.1] we get
a complete analytic set X ⊂ R and Borel functions F1, F2 : R→ Trees such that the following
statements hold.
• If x ∈ X , then F1(x) ∼= F2(x).
• If x ∉ X , then F1(x) has an infinite path and F2(x) has no infinite path.
Moreover we may assume that for all x ∈ R the trees F1(x) and F2(x) consist of sequences
of even numbers only (for instance by “multiplying by 2” the original F1, F2).
Define the Borel map
h : R→ Cartan(M)× Cartan(M) : h(x) = (C(F1(x)), C(F2(x))).
Denote byR ⊂ Cartan(M)×Cartan(M) the equivalence relation given by the Cartan subalgebras
(A, B) that are conjugate by an automorphism of M . In Proposition 12 we have seen that R is
an analytic subset of Cartan(M) × Cartan(M). We prove below that h−1(R) = X . Since X is
complete analytic, it then follows that R is complete analytic.
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The formula h−1(R) = X follows, once we have shown the following two statements.
• If S, T ⊂ N<N are trees that consist of sequences of even numbers and if S ∼= T , then the
Cartan subalgebras C(S) and C(T ) are conjugate by an automorphism of M .
• If S, T ⊂ N<N are trees such that S admits an infinite path and such that the Cartan
subalgebras C(S) and C(T ) are conjugate by an automorphism of M , then T also admits
an infinite path.
To prove the first statement, let ψ : S → T be an isomorphism of trees, i.e. a bijection that
preserves initial segments. Since S and T only contain sequences of even numbers, ψ can be
extended, by induction on the length |σ |, to an isomorphism ψ : N<N → N<N. Denote by
α ∈ Aut(Λ) the corresponding automorphism given by α(δσ ) = δψ(σ) for all σ ∈ N<N. Using
the notation of Lemma 13 we have that πψ(σ) ◦ α = πσ and γψ(σ) ◦ α = γσ for all σ ∈ N<N.
Hence α extends to a continuous automorphism of K . By construction α(G(S)) = G(T ) and
so α(G(S)) = G(T ). It follows from Theorem 1 that the Cartan subalgebras C(S) and C(T ) are
conjugate by an automorphism of M .
To prove the second statement, assume that S admits an infinite path and that the Cartan
subalgebras C(S) and C(T ) are conjugate by an automorphism of M . By Theorem 1 we get a
continuous automorphism α of K such that α(Λ) = Λ and α(ΛG(S)) = ΛG(T ). It follows that
α(G(S)) is commensurate with G(T ) and that α(G(S) ∩ Λ) is commensurate with G(T ) ∩ Λ.
We conclude that α(G(S)) and G(T ) are commensurate.
Let (x1x2 · · ·) be an infinite path in S. Define g0 = δ() and gi = δ(x1···xi ). By construction, gi
is a sequence of elements in G(S) such that for all i we have that gi is divisible by all the powers
of p2i and that gi+1 − gi is divisible by all the powers of p2i+1. Denote by N < ∞ the index
of α(G(S)) ∩ G(T ) in G(T ). Then Nα(g0), Nα(g1), Nα(g2), . . . is a sequence of elements in
G(T ) satisfying the same divisibility conditions. It follows from [6, Lemma 2.2] that the tree T
admits an infinite path. 
Remark 14. Theorem 2 provides examples of II1 factors M such that the equivalence relation
given by “being conjugate by an automorphism” on the set of Cartan subalgebras of M , is
complete analytic. This is a mathematically rigorous way of saying that the decision problem
whether two Cartan subalgebras of M are conjugate by an automorphism, is as hard as it
can possibly be. The decision problem whether two Cartan subalgebras of M are unitarily
conjugate is strictly easier. Indeed, Popa’s unitary conjugacy criterion in [24, Theorem A.1] is
rather concrete and, as we have seen in Proposition 12, shows that unitary conjugacy of Cartan
subalgebras is always Borel. The fact that conjugacy by an automorphism can be complete
analytic shows that there can never be a similar concrete criterion for conjugacy of Cartan
subalgebras by an automorphism.
There are also other mathematically rigorous undecidability and non classifiability statements.
It sounds plausible that there exist II1 factors M for which the Cartan subalgebras cannot be
classified by countable structures. Entirely new techniques would however be needed to construct
such II1 factors. Indeed, the Cartan subalgebras, up to any kind of conjugacy, given by the
admissible subgroups associated with a pair Λ ⊂ K , are by definition classifiable by countable
structures.
As far as we know, it is still an open problem whether or not the isomorphism relation
on countable abelian groups is universal among the equivalence relations that are classifiable
by countable structures. If this problem can be solved in the affirmative, it is very likely that
a technique similar to Theorem 2 will provide II1 factors M for which the classification of
2246 A. Speelman, S. Vaes / Advances in Mathematics 231 (2012) 2224–2251
Cartan subalgebras up to conjugacy by an automorphism, is in the same sense universal among
equivalence relations that are classifiable by countable structures.
5. Factors with many group measure space Cartan subalgebras
In this section we prove Theorem 4. We actually construct a concrete group G and a concrete
uncountable family G y (XF , µF ), indexed by all possible subsets F ⊂ N, of free ergodic
p.m.p. actions that are non stably orbit equivalent and that give rise to isomorphic crossed product
II1 factors.
The basic idea is due to [29, Section 6.1] yielding the following concrete example of two
group actions H y (X i , µi ), i = 1, 2, that are not orbit equivalent (although stably orbit
equivalent) and yet have L∞(X1) o H ∼= L∞(X2) o H . Let H0 be a finite non commutative
group. Define the infinite direct sum H1 := H (N)0 with compactification K := HN0 . Consider
the action H1 y K by left translation. Define X1 := K SL(3,Z) and consider the action of
H := SL(3,Z) × H1 on X1 where SL(3,Z) acts by Bernoulli shift and H1 acts diagonally.
Take the first copy of H0 in H1 and put X2 := X1/H0. We have a natural action of H ∼= H/H0
on X2. By construction H y X2 is stably orbit equivalent (with compression constant |H0|−1)
with H y X1. Put M = L∞(X1)o H . In [29, Section 6.1] it is shown that M has fundamental
group R+, while the orbit equivalence relation of H y X1 has trivial fundamental group. Hence
L∞(X1)o H ∼= L∞(X2)o H although H y X1 and H y X2 are not orbit equivalent.
We call two free ergodic p.m.p. actions W ∗-equivalent if their associated group measure space
II1 factors are isomorphic.
We now perform the following general construction. We start with two free ergodic
p.m.p. actions H y X i , i = 1, 2, that are not orbit equivalent but that are W ∗-equivalent, and
we construct a group G with uncountably many non stably orbit equivalent but W ∗-equivalent
actions.
Assume that Γ is a countable group and that Γn < Γ is a sequence of subgroups of infinite
index. Define the disjoint union I := n∈N Γ/Γn with the natural action Γ y I . To avoid
trivialities, assume that Γ y I is faithful, i.e. the intersection of all gΓng−1, g ∈ Γ , n ∈ N,
reduces to {e}. Define the generalized wreath product group
G := H ≀I Γ = H (I ) o Γ .
Whenever F ⊂ N, define the space
XF :=

n∈F
XΓ/Γn1 ×

n∉F
XΓ/Γn2 .
Taking an infinite product of copies of the action H y X i , we get an action H (Γ/Γn) y X
Γ/Γn
i .
Taking a further infinite product of these actions over n ∈ F (with i = 1) and n ∈ N− F (with
i = 2), we obtain an action of H (I ) on XF . This action is compatible with the Bernoulli shift of
Γ on XF . So we have constructed a free ergodic p.m.p. action
G
σFy XF .
Denoting M := L∞(X1)o H ∼= L∞(X2)o H , it is easily checked that
L∞(XF )o G ∼=
 ⊗ i∈I Mo Γ where Γ acts on ⊗ i∈I M by shifting the indices.
Hence all the actions G y XF are W ∗-equivalent.
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Theorem 4 is an immediate consequence of the following more concrete result, showing that
under the right assumptions, the actions σF are mutually non stably orbit equivalent. We did
not try to formulate the most general conditions under which such a result holds, but provide a
concrete example of Γn < Γ for which the proof is rather straightforward.
Proposition 15. Consider the group actions H y X i , i = 1, 2, defined above: H y X i are
W ∗-equivalent, non orbit equivalent and H is a residually finite group. Define the field
K := Q(√n | n ∈ N)
by adding all square roots of positive integers to Q. For all n ≥ 2 we put Kn := Q(√n). Define
the countable group Γ := PSL(4, K ) and the sequence of subgroups
Γn := {a A | a ∈ K , A is an upper triangular matrix with entries in Kn, det(a A) = 1 }.
As above we put I = n≥2 Γ/Γn and G = H ≀I Γ . For every subset F ⊂ N − {0, 1}, we are
given the action σF of G on XF .
The actions σF and σF ′ are stably orbit equivalent iff F = F ′.
We freely make use of the following properties of Γn < Γ .
• Γ is a simple group. In particular, Γ has no non trivial amenable quotients.
• The subgroups Γn are amenable.
• If n ≥ 2 and g ∈ Γ −Γn , then gΓng−1 ∩Γn has infinite index in Γn , i.e. the quasi-normalizer
of Γn inside Γ equals Γn . Equivalently: Γn acts with infinite orbits on Γ/Γn − {eΓn}.
• If n ≠ m and δ ∈ AutΓ , then δ(Γn) ∩ Γm has infinite index in Γm . This follows because the
automorphism group of Γ is generated by the inner automorphisms, the automorphisms given
by automorphisms of the field K and the automorphism transpose-inverse, and because every
field automorphism of K globally preserves every Kn .
• The previous two items imply that (Stab i) · j is infinite for all i ≠ j .
We also use the following lemma. It is a very special case of general von Neumann algebra
results (see [25, Theorem 4.1], [14, Theorem 0.1] and [16, Theorem 4.2]). Our lemma is also
closely related to [5, Theorem 6.7]. We include a short and elementary proof for the convenience
of the reader.
Lemma 16. Let Γ y I be any action of a countable group Γ by permutations of a countable set
I . Let H be any countable group and put G := H ≀I Γ . Assume that Λ < G is a subgroup with
the relative property (T). Then either a finite index subgroup of Λ is contained in H ≀I Stab i for
some i ∈ I , or there exists a g ∈ G such that gΛg−1 ⊂ Γ .
Proof. Define the unitary representation π : G → U(ℓ2(H × I )) given by
(π(h)ξ)(k, i) = ξ(h−1i k, i) if h ∈ H (I ), and (π(γ )ξ)(k, i) = ξ(k, γ−1 · i) if γ ∈ Γ .
Define the function
η : H × I → C : η(k, i) =

1 if k = e,
0 if k ≠ e.
The formal expression b(g) := π(g)η− η provides a well defined 1-cocycle of G with values in
ℓ2(H × I ). Since Λ < G has the relative property (T), the 1-cocycle b is inner on Λ. So we find
ξ ∈ ℓ2(H × I ) satisfying
b(λ) = π(λ)ξ − ξ for all λ ∈ Λ.
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Denote by δh : H → C the function that equals 1 in h and 0 elsewhere. We get that
ξ(k, i) = ξ(h−1i k, γ−1 · i)− δe(h−1i k)+ δe(k) for all (h, γ ) ∈ Λ, k ∈ H, i ∈ I.
For every i ∈ I , we write ξi ∈ ℓ2(H) given by ξi (k) = ξ(k, i). We also denote by (λh)h∈H the
left regular representation of H on ℓ2(H). The above formula becomes
ξi = λhi ξγ−1·i − δhi + δe for all (h, γ ) ∈ Λ, i ∈ I. (7)
Since ξ ∈ ℓ2(H × I ), it follows that ∥ξi∥ → 0 as i → ∞. Assume that finite index subgroups
of Λ are never contained in H ≀I Stab i . We then find a sequence (hn, γn) ∈ Λ such that for all
i ∈ I we have that γ−1n · i → ∞ as n → ∞. Denote by V ⊂ ℓ2(H) the subset of vectors
V := {δe − δh | h ∈ H}. Note that V ⊂ ℓ2(N) is closed. We apply (7) to (hn, γn) ∈ Λ and let
n → ∞. Since ∥ξ
γ−1n ·i∥ → 0, we conclude that ξi ∈ V for every i ∈ I . Denote by bi ∈ H the
unique element such that ξi = δe − δbi . Since ∥ξi∥ → 0 as i → ∞, we conclude that bi = e
for all but finitely many i ∈ I . So b := (bi )i∈I is a well defined element of H (I ). Formula (7)
becomes
b−1i hi bγ−1·i = e for all (h, γ ) ∈ Λ, i ∈ I,
which precisely means that b−1Λb ⊂ Γ . 
We can now prove Proposition 15. We use the terminology and conventions concerning stable
orbit equivalences that we introduced after Remark 7.
Proof. Let F ,F ′ ⊂ N − {0, 1} be subsets. Assume that ∆ : XF → XF ′ is a stable orbit
equivalence with corresponding Zimmer 1-cocycle
ω : G × XF → G, ∆(g · x) = ω(g, x) ·∆(x) for all g ∈ G and a.e. x ∈ XF .
Since both X1 and X2 are standard non atomic probability spaces, the restriction of the action
G
σFy XF to Γ is the generalized Bernoulli action Γ y [0, 1]I . Note that its further restriction
to the property (T) group Λ := PSL(4,Z) < Γ is weakly mixing, since Λ · i is infinite for every
i ∈ I . By Popa’s cocycle superrigidity theorem [26, Theorem 0.1] we can replace∆ by a similar
stable orbit equivalence and assume that ω(λ, x) = δ(λ) for all λ ∈ Λ and a.e. x ∈ XF , where
δ : Λ→ G is a group homomorphism.
For all i, j ∈ {1, 2, 3, 4} denote by ei j the matrix having 1 in position i j and 0 elsewhere.
Define, for i ≠ j and k ∈ K , the elementary matrix Ei j (k) = 1+kei j . The elementary subgroups
Ei j (K ) generate Γ . Given distinct i, j ∈ {1, 2, 3, 4}, denote by i ′, j ′ the remaining elements of
{1, 2, 3, 4} and denote by Λi j the subgroup of Λ generated by Ei ′ j ′(Z) and E j ′i ′(Z). Note that
Λi j is non amenable and that Λi j commutes with Ei j (K ). Since Λi j y XF is weakly mixing
and ω is a homomorphism on Λi j , [26, Proposition 3.6] implies that ω is a homomorphism on
Ei j (K ). Since this holds for all i ≠ j , we conclude that ω is a homomorphism on the whole of
Γ . Denote this homomorphism by δ : Γ → G.
Since Γ is simple, δ is injective. Recall that G = H ≀I Γ . We shall prove that there exists
a g ∈ G such that gδ(Γ )g−1 ⊂ Γ . Denote by Γ12 the copy of PSL(2, K ) inside Γ generated
by E12(K ) and E21(K ). We first claim that there is no i ∈ I such that δ(Γ12) ⊂ H ≀I Stab i .
Assume the contrary. Denote by π : G → Γ the natural quotient map. Since Γ12 is simple and
non amenable, π(δ(Γ12)) ⊂ Stab i must be the trivial group. So, δ(Γ12) ⊂ H (I ). Since H is
residually finite and δ is injective, this is absurd. This proves the claim. Since Γ12 has no non
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trivial finite index subgroups, we only retain the existence of γn ∈ Γ12 such that for all i ∈ I we
have that π(δ(γn)) · i →∞ as n →∞.
We next claim that there is no finite index subgroup Λ0 < Λ and i ∈ I with δ(Λ0) ⊂
H ≀I Stab i . To prove this claim, assume the contrary. Since Stab i is amenable and Λ0 has
property (T), it follows that π(δ(Λ0)) is finite. So making Λ0 smaller but still of finite index,
we get that δ(Λ0) ⊂ H (I ). Since Λ0 is finitely generated, we can take I1 ⊂ I finite such that
δ(Λ0) ⊂ H (I1). Recall the subgroup Λ12 < Λ that commutes with the subgroup Γ12 < Γ that
we considered in the previous paragraph. Also recall that we have found elements γn ∈ Γ12 such
that for all i ∈ I we have that π(δ(γn)) · i → ∞ as n → ∞. Since δ(Λ0 ∩ Λ12) ⊂ H (I1), we
have
δ(γn) δ(Λ0 ∩ Λ12) δ(γn)−1 ∈ H (π(δ(γn))·I1).
Since γn and Λ12 commute, the left hand side equals δ(Λ0 ∩ Λ12). Letting n → ∞, the sets
π(δ(γn)) · I1 and I1 are eventually disjoint. We conclude that δ(Λ0 ∩ Λ12) = {e}. Since Λ0 < Λ
has finite index, the group Λ0 ∩ Λ12 is infinite, contradicting the injectivity of δ.
Combining the claim that we proved in the previous paragraph with Lemma 16, we can
conjugate δ, replace ∆ by a similar stable orbit equivalence and assume that δ(Λ) ⊂ Γ . For
all i, j we know that δ(Λi j ) is a non amenable subgroup of Γ . Therefore δ(Λi j ) · k is infinite for
all k ∈ I and the centralizer of δ(Λi j ) inside G is a subgroup of Γ . Therefore δ(Ei j (K )) ⊂ Γ
for all i, j . Hence, δ(Γ ) ⊂ Γ .
We can perform a similar reasoning on the generalized inverse stable orbit equivalence
∆ : XF ′ → XF and may assume that ∆(g · x) = δ(g) ·∆(x) for all g ∈ Γ and a.e. x ∈ XF ′ ,
where δ : Γ → Γ is an injective group homomorphism. By definition ∆(∆(x)) ∈ G · x for
a.e. x ∈ XF . So we find a measurable function ϕ : XF → G such that ∆(∆(x)) = ϕ(x) · x for
a.e. x ∈ XF . It follows that
ϕ(g · x) = δ(δ(g)) ϕ(x) g−1 for all g ∈ Γ and a.e. x ∈ XF .
So the non negligible subset {(x, x ′) ∈ XF × XF | ϕ(x) = ϕ(x ′)} is invariant under the diagonal
Γ -action. Since Γ y XF is weakly mixing, we conclude that ϕ is essentially constant. This
constant value necessarily belongs to Γ and we conclude that δ ◦ δ is an inner automorphism of
Γ . A similar reasoning holds for δ◦δ. In particular∆(Γ ·x) = Γ ·∆(x) for a.e. x ∈ XF . Lemma 8
implies that ∆ is a measure space isomorphism of XF onto XF ′ and that ∆ is a δ-conjugacy of
the respective Γ -actions. In particular, the compression constant of ∆ equals 1.
Denote
X iF :=

X1 if i ∈ Γ/Γn and n ∈ F ,
X2 if i ∈ Γ/Γn and n ∉ F .
By construction, XF =

i∈I X iF and similarly for XF ′ .
By [32, Lemma 6.15] the δ-conjugacy ∆ necessarily decomposes as a product of measure
space isomorphisms. More precisely, we find a permutation η of the set I and measure space
isomorphisms ∆i : X iF → Xη(i)F ′ such that
η(g · i) = δ(g) · η(i) and ∆(x)η(i) = ∆i (xi ) for all g ∈ Γ and a.e. x ∈ XF .
Since η preserves the orbits of Γ y I , it defines a permutation η of N such that η(i) ∈ Γ/Γη(n)
iff i ∈ Γ/Γn . Also ∆i only depends on the orbit of i , yielding ∆n : X iF → Xη(i)F ′ whenever
i ∈ Γ/Γn .
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Note that δ(Stab i) = Stab η(i). For all n ≠ m and all δ ∈ AutΓ we have that δ(Γn) ≠ Γm .
Hence η is the identity. Denote by H i the copy of H in H (I ) sitting in position i . Fix n ∈ N and
i ∈ Γ/Γn . Put j := η(i) and note that j ∈ Γ/Γn . Since the quasi-normalizer of Γn inside Γ
equals Γn and since Γn acts with infinite orbits on Γ/Γm for all m ≠ n, it follows that the action
Stab i y

j, j≠i
X jF
is weakly mixing. Since the 1-cocycle ω is a homomorphism on Stab i and H i commutes
with Stab i , it follows from [26, Proposition 3.6] that for all h ∈ H i , the map x → ω(h, x)
only depends on the coordinate xi and that ω(h, x) commutes with δ(Stab i) = Stab j . Since
(Stab j) · k is infinite for all k ≠ j and since Stab j < Γ has a trivial centralizer in Γ , it
follows that ω(h, x) ∈ H j . A similar reasoning holds for the inverse 1-cocycle and we conclude
that ∆n : X iF → X jF ′ is an orbit equivalence between H y X iF and H y X jF ′ . Since both
i, j ∈ Γ/Γn and since the actions H y X1 and H y X2 are not orbit equivalent, it follows that
either n belongs to both F and F ′ or that n belongs to both N − F and N − F ′. This holds for
all n and we conclude that F = F ′. 
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